Since the term microalbuminuria was coined and was shown to predict clinical nephropathy in Type-I (insulin-dependent) diabetes mellitus in the early 1980 s [1±3], the research has focused on the putative risk factors in the early stages of nephropathy and their relative importance for the decline in renal function. The present knowledge of these factors and the development of the ultrastructural changes in the glomeruli, i. e. basement membrane thickening and mesangial expansion, are scarce and primarily based on cross-sectional studies [4±8]. Long-term studies on homogeneous groups of Type I diabetic patients have not been carried out.
tively the interrelation between kidney function and glomerular morphological changes over 8 years in young patients with Type I (insulin-dependent) diabetes mellitus and microalbuminuria. Methods. Kidney biopsies were taken at baseline and after 8 years in 18 subjects who were 20 years of age (19±29 mean and range), had duration of diabetes for 11 years (7±18), and who had an albumin excretion rate of 45 mg/min (15±194). The glomerular ultrastructural parameters were analysed using stereological methods. Results. At the end of the study three patients had an increased albumin excretion rate of more than 25 % a year, two of whom developed overt nephropathy. Glomerular filtration rate declined 2.3 ml/min´1.73 m ±2´y r ±1 . Glomerular volume, volume fractions of matrix and mesangium, and basement membrane thickness showed an increase over the 8 years. Multiple regression analysis showed that mean 8-years HbA 1 c , matrix volume fraction baseline and basement membrane thickness BMT baseline accounted for 70 % of the variation in AER at the end of the study. Mesangial volume fraction baseline, glomerular filtration fraction baseline, and mean 8-year HbA 1 c accounted for 73 % of the change in glomerular filtration rate from baseline. Smoking was strongly associated with the glomerular filtration rate at baseline (r = 0.65). When glomerular filtration rate baseline was omitted from the equation, smoking was the only significant parameter linked to the change in glomerular filtration rate from the baseline. Conclusion/interpretation. In patients who had diabetes for 20 years, long-term hyperglycaemia and glomerulopathy found 8 years prior to the study, and possibly smoking, affected renal function (i. e. albumin excretion rate and glomerular filtration rate).
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opathy [5, 9, 10] . Improved metabolic control by either intensive treatment [11] or by pancreas transplantation [12] has been shown to arrest and even improve the glomerular changes in native kidneys.
Several additional factors like glomerular hyperfiltration [13] , high blood pressure [14] , smoking [15] and genetic predisposition [16±17] are probably coplayers in the development of diabetic nephropathy but their role in the more short-term development of the specific glomerulopathy is not clear.
The aim of our study was to investigate prospectively with sequential biopsies the relation between renal function and glomerular ultra-structural changes over 8 years in a well-characterized group of young patients with Type I diabetes and microalbuminuria.
Subjects and methods
Patients. A total of 18 patients were studied prospectively for 8 years (7.8±8.5). Patients were initially enrolled in an intervention study (continuous subcutaneous insulin infusion, CSII vs. conventional treatment, CT) for 2.5 years (2.2±2.8) in patients with microalbuminuria and poor blood glucose control. The details from this study have been presented [5, 11] . When the intervention study ended, two patients in the CSII-group did not adhere to the pump treatment modality, whereas one in the CT-group started with insulin pump. The patients were followed during the follow-up study by the same investigator (H-J Bangstad) at the outpatient clinic at 3 to 4 month intervals. Kidney biopsies and renal function tests were done at baseline [GFR and effective renal plasma flow (ERPF)], after 2.2 to 2.8 years (GFR and ERPF), and at 7.8 to 8.5 years (GFR).
All study patients accepted the final biopsy but two patients had to withdraw because of pregnancy. However, another two patients who dropped out of the intervention study before randomisation but after having kidney biopsies taken, were included in the 8-year follow-up study, giving a total of 18 patients. The two patients were followed in a clinical setting with the same regularity in the measurements of HbA 1 c and urinary AER as the rest of the participants, blood pressures were obtained only in connection with the kidney biopsies. The Regional Ethics Committee approved the protocol and patients gave their written informed consent. No major complications were observed except for two incidences of macroscopic haematuria.
At baseline the mean age (and range) of the patients was 20.1 years (18±29) and the duration of diabetes was 11.3 years (7±18). The clinical characteristics of the subjects are shown in Table 1 . One had transient hypertension, i. e. normalized blood pressure after 6 months without antihypertensive treatment. However, from 6 years after baseline the patient was treated with ACE-inhibitor because of hypertension ( > 140/ 90 mmHg). At baseline none of the subjects had proliferative retinopathy. Nine subjects smoked and the number of cigarettes smoked per day was noted yearly according to the interview.
Urine samples. The albumin concentration was measured by immunoturbidimetry in timed overnight samples. The interassay coefficient of variation was 4.7 % in the range of 10 to 50 mg/l. The individual AER values presented are the mean of three measurements.
Blood glucose control. During the first 3 years HbA 1 c was analysed by high-performance liquid chromatography (HPLC) (Diamat analyser, Biorad, Richmond, Calif., USA). The normal range was 4.3 to 6.1 %, with an interassay CV of 3 %. For the rest of the study period an immunological method, DCA (Bayer, Leverkusen, Germany) was used. The normal range was 4.1 to 5.9 % with an interassay CV of 3.4 %. The DCA values were transformed to values corresponding to the HPLC method (multiplied by 1.04).
Blood pressure. Conventional mercury sphygmomanometer was used with patients sitting after a 10-min rest.
Renal function tests. Glomerular filtration rate was measured as inulin-clearance after oral water loading. High concentrations of interfering glucose were removed by glucose oxidase. At the end of the study I 125 iothalamate clearance was applied. Effective renal plasma flow was calculated as renal clearance of para-amino-hippuran at a steady state concentration of 20 to 40 mg/ml. Filtration fraction was calculated as GFR/ERPF.
Renal biopsies. Percutaneous renal core biopsies at baseline were taken using an 18 gauge needle as described previously [5, 11] . The entire kidney biopsy was immediately fixed in a 2 % glutaraldehyde solution in Tyrode buffer and mailed in the fixative to Aarhus. The core was subdivided into smaller blocks, which were dehydrated and embedded into vestopal.
At baseline each block of tissue was serially cut into 1mm thick sections, which were placed on slides and stained with toluidin blue. Glomeruli sampled for electron microscopy and for volume measurements were new appearing corpuscles in the block. Thin sections for electron microscopy were cut at 60 mm intervals and multiples thereof from the first baseline section in the block providing three sections through each glomerulus separated by 60 mm, with an independent random position within each glomerulus. Thin sections were obtained in three glomeruli, representing at least two different blocks in each biopsy, so that nine total cross sections were produced for measurements at low magnification. Glomerular volume was estimated applying Cavalieri's method using sections at 10 mm intervals [18] .
At low electron microscopy magnification (~2300´) the total cross section was photographed with overlapping fields which were then pasted together to produce photomontages. The protocol for sampling and printing at higher magnification was repeated for all of the baseline biopsies with the new computer-based system as described below. Thus all of the measurements at higher magnification were done in baseline biopsies and the third biopsy at the same time and with exactly the same procedures. The kidney biopsy at the end of the study was immediately fixed in a 2 % glutaraldehyde solution and mailed in the fixative to Aarhus, cut into smaller blocks, dehydrated and embedded into epon (since vestopal was no longer available at this time).
At the end of the study each of the blocks were serially sectioned as described above. However, in this series the interval between the sections sampled for electron microscopy was 50 mm. As in the baseline biopsies three sections were obtained in each of three glomeruli sampled, representing at least two different blocks.
At the end of the study all images were digitised at the Philips CM10 microscope equipped with the SIS-system (Analy-SIS 3.0, Soft Imaging System, Hammer strasse 89, Münster, Germany). All recorded fields were saved at an optical disk, which was later taken to the office desk computer for the measurements. At low magnification (final magnification on the screen~4900 ), systematic sampling of the glomerular cross sections was done, covering about 83 % of the total area. At higher magnification (corresponding to 12500 on the computer screen) systematic independent sampling of the largest cross section in each glomerulus was done, providing a sampling fraction of about 64 %. These recordings at higher magnification were repeated on the previously prepared thin sections from the baseline biopsies.
For measurements at low magnification volume fractions were obtained by standard point counting. On the photomontages a 1:8 grid was used counting coarse points hitting the glomerular polygon [19] and the glomerular tuft, i. e. all structures inside the epithelial covering. Fine points were counted hitting mesangial regions. Corresponding point counting using a 1:9 grid was done on the computer screen for the digital images.
For measurements at high magnification basement membrane thickness was estimated with the orthogonal intercept method [20] . In the computer system intercepts were directly recorded, without subdivision into classes. From the total number of intercepts the harmonic mean thickness was calculated. Volume fractions were obtained by point counting using a 1:2:4 grid counting coarse points on glomerular tuft (defined similarly as by low magnification), medium points counted on mesangial space and fine points on mesangial matrix and peripheral basement membrane. The matrix star volume was estimated from random intercepts as described [6] Mesangial volume fraction relative to the polygon space was measured from the set of nine photomontages in the baseline biopsies and in the last follow-up biopsy on the low magnification images from nine cross sections in each biopsy (measured area corresponding to 83 % of the total). The volume fraction matrix/mesangium was estimated on the high magnification-images. Combined with the measurement of V V (mes/ glom) the estimate of V V (mat/glom) was obtained. All volume fractions were estimated by the sum of points on the individual compartments divided by all points on the reference space for each biopsy. Likewise, basement membrane thickness and matrix star volume were estimated from the total number of intercepts measured in each biopsy.
Comparisons. All of the data at high magnification had been obtained previously on printed micrographs and a comparison could then be made between previous and recent data. Apart from using a different technique a different observer was involved in some of the measurements (BMT). A highly significant difference obtained in paired comparisons of old compared with new measurements on photographic prints versus on the computer screen, would indicate the need to redo all the baseline biopsies. However, a very strong correlation was obtained in the whole group between first and second measurements with p values of less than 10 ±4 . Statistical analysis. Simple paired t-test was used when appropriate. Linear correlations were tested by least square regression to the mean. Stepwise multiple regression analyses were done to evaluate the independent influence of risk factors (mean 8-years HbA 1c , blood pressure, smoking during the study, baseline glomerular filtration rate, AER and morphological parameters) on renal function and morphological parameters respectively at the end of the study. Randomisation was resolved after the intervention study and the patients were treated as one group in the correlation analyses in this study. We found this acceptable since the idea of the intervention study was to test the effect of hyperglycaemia and not the efficacy of insulin pumps. However, we also analysed the data by Student's t test according to the intention to treat principle, i. e. those randomised to conventional treatment versus those on insulin pumps. Data are given as means (95 % CI) with exceptions given in the text. AER values were logarithmically transformed before statistical analysis. Statistical significance was accepted with p values of less than 0.05. The statistical program of NCSS (Number Cruncher Statistical System, Kaysville, Utah, USA) version 2000 was used.
Results
Clinical data. HbA 1 c , blood pressure and AER were not significantly changed after 8 years (Table 1) . At the end of the study five of the patients had normal AER. Three patients increased their AER for more than 25 % a year, two of whom developed macroalbuminuria (AER > 200 mg /min) (Fig. 1) . No relation was found between mean 8-year HbA 1 c and delta AER or blood pressure.
GFR decreased significantly during the study (Table 1) and the decline in GFR per year was 2.3 (4.5 ± ±0.1) ml/min per 1.73 m 2 . Baseline GFR was highly correlated with smoking (number of cigarettes, r = 0.65 p < 0.01). GFR at the end of the study was negatively correlated with mean 8-year HbA 1 c (Fig. 2) .
Delta GFR was negatively correlated with HbA 1 c (r = ±0.49, p < 0.05, i. e. high HbA 1 c = large decline in GFR), baseline GFR (r = ±0.82, p < 0.001) (Fig 3) , and FF at baseline (r = ±0.75, p < 0001), but not with delta AER or delta BP.
Structure. All of the glomerulopathy parameters, the matrix/glomerular volume fraction [Vv(mat/glom)], the mesangial/glomerular volume fraction [Vv(mes/ glom)], and the basement membrane thickness (BMT) showed a highly significant increment during the 8 years (Table 2) Structure and clinical data. The increment in the glomerulopathy parameters showed a positive correlation with mean 8-year HbA 1 c during the study (Table 3), but the relation was significant only for the Vv(mes/glom), (Fig. 3) . In addition the increment in BMT was negatively correlated with GFR at the end, r = ±0.52, p < 0.05.
The change in AER during the study was positively correlated with Vv(mat/glom) baseline (r = 0.52, p < 0.05), Vv(mes/glom) baseline (r = 0.50, p < 0.05), BMT baseline (r = 0.49, p < 0.05) and delta glomerular volume (r = 0.64, p < 0.01) but these results were primarily the consequence of the patients who increased their AER > 25 % per year (Fig. 4) . AER at the end of the study was positively correlated with glomerular volume end (r = 0.72, p < 0.001), BMT end (r = 0.62, p < 0.01), Vv(mat/glom) end (r = 0.54, p < 0.05) and delta glomerular volume (r = 0.80, p < 0.0001).
The influence of mean 8-years HbA 1 c , baseline GFR, smoking and mean systolic and diastolic blood pressure on changes in morphological parameters and on current morphological parameters at the end of the study were analysed by stepwise multiple regression. It was found that only HbA 1 c contributed significantly, i. e. to delta Vv(mes/glom), T = 2.8, p < 0.01.
When AER at the end of the study was applied as the dependent variable, mean 8-year HbA 1 c , Vv(mat/glom baseline ) and BMT baseline contributed significantly to the model (Table 4) , whereas smoking, duration, mean 8-years systolic and diastolic BP, AER baseline and GFR baseline did not. When the change in AER was used as the dependent variable, only BMT baseline contributed significantly (T = 2, 4, p = 0.02).
With GFR at the end of the study as the dependent variable, only mean 8-year HbA 1 c contributed (negatively) significantly (T = ±3.3, p < 0.01), whereas smoking, duration, BMT baseline , Vv(mat/glom) baseline , Vv(mes/glom) baseline , AER, mean systolic BP and filtration fraction did not. For decline in GFR mean HbA 1 c (T = ±2.8, p = 0.01) and GFR baseline (T = ±6.2, p = 0.0001), were significant. When GFR baseline was excluded from the analysis mean 8-year HbA 1 c (T = ±2.6, p < 0.05) and filtration fraction (T = ±3.4, p < 0.01) added to the model (r 2 = 0.68). However when both GFR and filtration fraction at baseline were removed from the equation, smoking was the only parameter of significance (T = ±2.8, p = 0.01).
Intention to treat. The group which started with intensive treatment, ended up with a mean 8-year HbA 1 c of 8.7 (8.1±9±2)%. This was not statistically different from those patients initially on conventional treatment and who had a mean HbA 1 c of 9.7 (8.6±10.9) %, p = 0.07. There were no statistically significant differences in the development of the morphological changes in the two groups although there was a trend of a more pronounced mesangial expansion in the conventionally treated group. No differences were observed concerning change in AER, BP or GFR (data not shown).
Smokers. Nine of the 18 patients were smokers and they did not change their habit during the study. The mean number of cigarettes was 20.4 a day. The smokers were compared with the non-smokers. At baseline there were differences in AER, BP and morphological parameters (data not shown) between smokers and non-smokers but smokers had higher GFR [156 (137±175) vs 130 (114±146) ml/min per 1.73 m 2 , p < 0.05]. During the study the structural changes tended to be more pronounced in the smokers, although not statistically significant. The smokers showed an increment in AER during the study which was significantly higher than in non-smokers, 134 (±73 ± 342) vs ±31 (±70 ± 8) mg/min, p = 0.04. No significant differences were seen with respect to change in BP and GFR [±4.1 (±6.8 ± ±1.4) ml/min per 1. Progresssors. Three of the patients had an increment (`progressors') in AER during the 8-year study. Their baseline data were compared with the five subjects who were normoalbuminuric at the end of the study and the rest of the series (n = 10) who did not have an increase in AER. No significant differences were found between the three groups but the progressors showed a uniform trend towards having higher GFR, larger glomerular volumes, thicker basement membranes and larger matrix volume fractions (Table 5 ).
Discussion
The impact of long-term hyperglycaemia on the development of structural changes has been shown in several studies. This study is a follow-up after a randomised, prospective study where intensive insulin treatment using insulin pumps was compared with conventional treatment over a period of 2.5 years [11] . In the initial part of the study a significant difference between the groups concerning HbA 1 c was observed. The main finding was that in the intensive treated group none of the matrix-parameters increased, whereas they all increased in the conventional group. BMT increased in both groups but most strikingly in the conventional group. A strong correlation was found between mean HbA 1 c during the study and increase in BMT and matrix/glomerular volume fraction. We have confirmed the importance of long-term hyperglycaemia for the development of glomerulopathy by showing a positive association between HbA 1 c and the increment of all of the investigated parameters though the relation was significant only for the mesangial volume fraction. In the multivariate analysis, mean 8-year HbA 1 c was the only factor that had an independent influence on the glomerular structures (the mesangial volume fraction). Although the impact of the randomisation was lost or reduced because some of the participants changed treatment modality after 2.5 years, the data were analysed according`to intention to treat'. The difference in HbA 1 c was 1 %-point between the groups. This was not statistically significant, but a difference in HbA 1 c of this magnitude could be considered to be of clinical relevance. However, except for a trend toward more pronounced mesangial expansion in the group with the poorest blood glucose control, no differences were found with respect to AER, blood pressure and GFR between the groups. We cannot exclude the possibility that a statistical type 2-error is responsible for not showing a difference in the two groups of patients. The relative importance of hyperglycaemia in the present study seems less evident than in this study. 
This could point to other mechanisms also important for the development of glomerulopathy after duration of diabetes of more than 10 to 15 years. It should be noted that the mean HbA 1 c of the 8 years was rather high, at 9.4 % (normal range 4.3±6.1 %). This study in young Type I diabetic subjects followed for 8 years, showed a significant increment in the two main aspects of diabetic glomerulopathy, namely the thickening of the basement membrane and the matrix expansion measured as matrix volume fraction, 21 % and 36 % respectively, during the study period. The observation that a relative increase after almost 20 years with diabetes was most pronounced in the matrix volume fraction is in accordance with previous studies [10, 21] .
Albumin excretion rate is an intermediate endpoint in diabetic nephropathy. In this study only three of the participants experienced a significant increase in albumin excretion rate defined as more than 25 % per year [22] during the course of the study, and five patients ended up with a normal albumin excretion rate. This correlates with observations in other series that 1:3 of the patients with microalbuminuria become normoalbuminuric without treatment [22] . In this study the previously described strong association between AER and the structural parameters was confirmed [4, 5, 7, 11] . In variance with these observations are the reports of rather advanced glomerulopathy in patients with low grade microalbuminuria [23, 24] and even normoalbuminuria [8, 24] . We were able to show that the baseline values of matrix volume fraction and BMT independently, but together with mean 8-year HbA 1 c predicted the degree of AER at the end of the study. However, baseline-BMT was the only predictor of the increase in AER during the 8 years, possibly because of the higher precision in the BMT-measurements than in the matrix estimates [25] . Our findings are more or less an extension and confirmation of an earlier intermediate report from the same study [26] . When we investigated if conditions at the beginning of the study could distinguish between those who progressed in AER and those who did not, we found no significant differences. However there was a uniform trend in the structural changes that seemed to be most pronounced among the progressors, who on the other hand did not have the higher AER at baseline.
It is known that patients with microalbuminuria could be hyperfiltrating although a decline in GFR could be seen already in the early phase of diabetic nephropathy and could reflect a more advanced glomerulopathy than in patients with a stable GFR [27] . A GFR above the upper normal limit after a duration of diabetes of 12 years has been shown to be a prerequisite for the development of incipient microalbuminuria 8 years later [13] . In children it has been shown that in two comparable groups those with hyperfiltration ( > 140 ml/min per 1.73m 2 ) were those who developed microalbuminuria over a 10-year period [28] . Our data however, show that two of the five patients who had normal AER, did hyperfiltrate at baseline and after 2.5 years. Experimental studies in rats show that increased GFR plays an important role for the initiation and progression of glomerulopathy [29] . One cross-sectional study in diabetic patients found a tendency toward an inverse association between current GFR and glomerular structural changes indicating that those with declining GFR already had rather severe morphological changes [21] . Another report found that glomerular hyperfiltrating in fact added to the prediction of the degree of early basement membrane thickening [10] . We investigated two aspects of GFR, firstly the influence of baseline GFR for the later development of structural changes and secondly what factors were predictive for the decline in GFR and the GFR-value at the end of the study. We were not able to find support for a significant influence of baseline GFR with the development of glomerulopathy. In addition, none of the structural parameters contributed independently to the GFR at the end of the study. The increment of BMT during the study was, however, negatively associated with GFR at the end, indicating that patients with declining renal function have a pro- Group A = three subjects with > 25 % increment in AER per year, group B = ten subjects with no change in AER during the study and group C = five subjects who were normoalbuminuric at the end. Mean and 95 % CI gressive BM thickening. The mean decline in GFR per year was 2.3 ml/min per 1.73m 2 which is quite low compared to the 5.2 ml/min per 1.73m 2 which have been published previously in patients with overt nephropathy [30] .
Smoking is an indisputable risk factor for microvascular and macrovascular disease. In Type I diabetes it has been shown to independently increase the degree of nephropathy [15] . In our study half of the participants smoked an average of 20 cigarettes a day. They had a more pronounced worsening for all of the structural parameters compared to the nonsmokers but the difference did not reach statistical significance. The smoking group had a definitely higher rise in AER during the study. Smokers also had a higher baseline GFR and a tendency to larger decline in GFR than the non-smokers and smoking was an independent risk factor for decline in GFR in a multivariate analysis.
So far no specific genes have explained the observed familial clustering [16, 17] of diabetic nephropathy. One study showed that apart from concordance in glycaemia, a strong concordance was found for severity of glomerular structural lesions in siblings with diabetes [31] . Several candidate genes with relation to the renin-angiotensin system have been proposed, e. g. insertion or deletion polymorphism of the angiotensin converting enzyme [32] and the angiotensinogen (ATG) gene [33] . An association between the d-allele of the ACE-gene and progression of diabetic glomerulopathy has earlier been described in adolescents with microalbuminuria [34] . However, in this smaller study we did not find support for a connection between the ID-polymorphisms and the progression of glomerulopathy (results not shown).
Blood pressure is found to be in the normal or upper normal range in incipient nephropathy and rises in parallel with AER [14] . In two studies [5, 6] no association between blood pressure and structure could be detected. However, in our recent study on the effect of antihypertensive treatment on early renal morphological changes in microalbuminuric Type I diabetic patients, we found that low blood pressure seems to be an important protector against progression of diabetic glomerulopathy [35] . In the present study we could not demonstrate that either systolic or diastolic blood pressure influenced the development of glomerular structure. In a recent study 24-h ambulatory blood pressure measurements were carried out and an association between mean arterial blood pressure and basement membrane thickness was found in adolescents with 10 years duration of diabetes [36] .
In conclusion, we found that the structural glomerular changes found after 11 years of diabetes duration continued to develop during the following 8 years. A strong association between function (GFR and AER) and morphology was found. Basement membrane thickening and matrix expansion predicted an increase in AER. The level of long-term hyperglycaemia was an important risk factor for morphological changes but in this study the relative contribution was modest. The results also point to a possible effect of smoking on the decline in GFR.
